ABSTRACT: Biogenesis and repair of the inorganic core (Mn 4 CaO x Cl y ), in the water-oxidizing complex of photosystem II (WOC-PSII), occurs through the light-induced (re)assembly of its free elementary ions and the apo-WOC-PSII protein, a reaction known as photoactivation. Herein, we use electron paramagnetic resonance (EPR) spectroscopy to characterize changes in the ligand coordination environment of the first photoactivation intermediate, the photo-oxidized Mn 3+ bound to apo-WOC-PSII. On the basis of the observed changes in electron Zeeman (g eff ), 55 Mn hyperfine (A Z ) interaction, and the EPR transition probabilities, the photogenerated Mn 3+ is shown to exist in two pH-dependent forms, differing in terms of strength and symmetry of their ligand fields. The transition from an EPR-invisible low-pH form to an EPR-active high-pH form occurs by deprotonation of an ionizable ligand bound to Mn 3+ , implicated to be a water molecule: [Mn 3+ (OH 2 
A single tight-binding Ca 2+ ion is essential for photosynthethic O 2 evolution activity in ViVo (1) (2) (3) (4) (5) . Calcium is located within the water-oxidizing complex of photosystem II (PSII-WOC), 1 comprised of an oxo/aquo-bridged inorganic core whose stoichiometry, Mn 4 CaO x , is based on several lines of evidence, including X-ray absorption (6) (7) (8) (9) , electron paramagnetic resonance (EPR) spectroscopy (10, 11) , and the recent X-ray diffraction (XRD) data (12, 13) . Mn-, Sr-, and Ca-extended X-ray absorption fine structure (EXAFS) spectroscopies accurately place the calcium effector site at 3.3-3.5 Å from Mn atoms. However, the relative position of Ca 2+ within the Mn 4 O x cluster differs according to which type of data is emphasized and the assumptions of the models used to interpret the raw data. Spectroscopic and XRD data have constrained the possible core topologies to only a few types, with the structures given in Chart 1 proposed on the basis of one or more lines of evidence (9) (10) (11) 13) . These structural proposals have led to a number of mechanistic proposals for the role of calcium in O 2 evolution reviewed elsewhere (11, (14) (15) (16) (17) .
Dissection of the functional roles of the inorganic cofactors has come from in Vitro studies of the photoactivation process, which is defined as the assembly of the inorganic core during biogenesis and repair of the WOC. In Vitro photoactivation of the WOC is described by the following cofactor stoichiometry (for a review, see refs 18 and 19) :
Photoactivation is a multistep process in which the inorganic core is assembled in a preferred sequence of light-induced photo-oxidation steps and dark steps. A minimal kinetic model, given by eq 2, lists the kinetic intermediates that have † This work was supported by grants from the National Institute of Health (GM 39932) and by an international cooperation grant from the NIH-Fogarty program (RO3 TWO5553-01).
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been resolved during in Vitro photoactivation of spinach PSII membranes (20) (21) (22) (23) .
The first light-induced step is reversible (pseudo-first-order rate constants given by k 1 and k -1 ) and involves binding and photo-oxidation of Mn 2+ to Mn 3+ to form the first assembly intermediate, IM 1 (20, 23) . Bicarbonate ions play an important physiological role in accelerating the rate and increasing the yield of the first intermediate in photoactivation (24) (25) (26) . The second step (k 2 ) is rate-limiting and occurs in the dark, and its overall slowness suggests that it involves a protein conformational change. Under low Ca 2+ concentrations (<1 mM) when it is not bound to its effector site, this step is coupled to an increase in its binding affinity (23) . Upon illumination, a second Mn 2+ binds and oxidizes with low quantum efficiency to produce a long-lived intermediate, denoted IM 2 , which contains two Mn 3+ and Ca 2+ (19, 21, 22) . This state has never been directly observed because it can advance to the fully reassembled WOC by rapid uptake of the remaining two Mn 2+ ions in a highly cooperative kinetically unresolved step that represents the most efficient pathway to an active cluster. If Ca 2+ is not included during photoactivation, a large excess of Mn 2+ is photo-oxidized and O 2 evolution is not restored (27) . This inactivation process can be reversed by adding Ca 2+ , which restores a normal Mn 4 O x core, clearly establishing a role for calcium in guiding the assembly of the catalytically active Mn 4 O x core and restructuring the inactive polymanganese-oxo cluster (18, 28, 29) .
Other nonphysiological low-affinity Ca 2+ site(s) further stimulate the O 2 activity of isolated PSII membranes and photoactivated apo-WOC-PSII membranes (30, 31) but are not required for inorganic core assembly, and the stimulation of O 2 evolution that they produce is reduced if peripheral extrinsic proteins removed during PSII isolation are restored. Although chloride ions are physiologically essential for the expression of O 2 evolution activity of PSII (32), they are not known to play any role in the assembly of the inorganic cofactors during photoactivation and appear to be external to the core [(33-35) also reviewed in ref 36] .
Several studies have applied EPR spectroscopy to examine the kinetics and cofactors required for photoactivation, including the loss of the Mn 2+ signal intensity upon photooxidation by apo-WOC-PSII (37) , reduction of tyrosine Y Z ‚ by Mn 2+ (38) , and activation of Mn 2+ for electron donation by bicarbonate (39) . Campbell et al. have reported the EPR spectrum of the initial photo-oxidized Mn 3+ assembly intermediate in PSII core particles from Synechocystis and used this data to describe the symmetry of the ligand field (40) . Herein, we extend this approach to examine the initial photo-oxidized Mn 3+ intermediates formed as a function of pH and Ca 2+ binding. We derive new expressions from the ligand-field theory and apply them to achieve a molecular interpretation of the experimental EPR parameters in terms of the ligand environment of Mn 3+ .
MATERIALS AND METHODS
PSII-enriched membrane fragments were prepared from market spinach by the method described elsewhere (41, 42) . Under saturating continuous illumination, the oxygen evolution rate of the PSII membranes was 400-500 µmol of O 2 (mg of Chl) -1 h -1 in the presence of 1 mM K 3 Fe(CN) 6 and 0.25 mM 2,5-dichloro-p-benzoquinone (DCBQ) as electron acceptors. PSII membranes depleted of Mn 2+ , Ca
2+
, and the three extrinsic proteins (apo-WOC-PSII) were prepared by a brief incubation in high-pH buffer in the presence of 200 mM MgCl 2 , as recently described (25) . The resulting apo-WOC-PSII membranes were devoid of the three extrinsic proteins as confirmed by SDS-PAGE (not shown) and exhibited no residual O 2 evolution activity (i.e., less than 0.5% of the activity of the BBY membranes). These apo-WOC-PSII particles were capable of reconstituting the water-splitting system of PSII (upon in Vitro photoactivation in the presence of Mn 2+ , Ca
, and an electron acceptor) with a yield of 60-70% as calibrated versus the extrinsic protein-depleted PSII (25) .
For EPR spectroscopy, apo-WOC-PSII samples were suspended at 1 mg of Chl/mL in buffer containing 300 mM sucrose, 35 mM NaCl, and 30 mM 2-(N-morpholino)-ethanesulfonic acid (MES)/NaOH (pH 6). The samples were briefly illuminated (to photo-oxidize any reduced tyrosine-D or Y D ), dark-adapted for 5 min at 4°C, centrifuged, and resuspended to 5 mg of Chl/mL (20 µM PSII) in either MES/ NaOH (pH 6-6.5), N-(2-hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid) (HEPES)/NaOH (pH 7.5), or 2-(cyclohexylamino)ethanesulfonic acid (CHES)/NaOH (pH 9.0). Then, the indicated amount of MnCl 2 and CaCl 2 was added to the samples in the dark, and after mixing and 15 min of additional incubation, the samples were moved to EPR tubes and frozen to 77 K. Precision quartz tubes were used to prepare identical sample volumes suitable for quantitative comparisons of the measured EPR signals. To photo-oxidize Mn 2+ , the samples were illuminated at -20°C by a 300 W halogen lamp filtered with a 3% solution of CuSO 4 . Illumination at lower than -20°C or higher temperatures produces a lower yield of photo-oxidized Mn 3+ as described in the Results. EPR measurements were made in triplicate using a Bruker Elexsys 580 X-band spectrometer and Bruker ER 4116DM dual-mode EPR cavity. The EPR measurements Chart 1: Possible Structural Candidates for the Mn 4 Ca Core of the WOC in PSII Based on Single-Crystal Mn EXAFS (Structures 1-3) or XRD (Structure 4) Studies (9, 13) apo-WOC-PSII { \}
of Mn 2+ were performed using perpendicular-mode excitation at a temperature of 77 K (liquid N 2 finger dewar), at microwave frequency of 9.13 GHz, microwave power of 0.8 mW, and modulation amplitude of 0.5 mT. Mn 3+ EPR was measured using parallel-mode excitation at 3.7 K with an Oxford ESR 900 helium flow cryostat, at microwave frequency of 9.175 GHz, microwave power of 50 mW, and modulation amplitude of 1 mT. 3+ . Figure 1 illustrates the decay of the Mn 2+ EPR signal ( Figure 1A ) and the parallel growth of the Mn 3+ signal ( Figure 1B ) induced by illumination of apo-WOC-PSII at -20°C. This light-induced Mn 3+ originates from the photooxidation of Mn 2+ bound to the donor side of PSII (38, 40, 43) . The Mn 3+ signal is stable in the dark at -20°C (for over 15 min), indicating that dark processes, such as diffusion of Mn 2+ /Ca 2+ cofactors and protein conformational changes, are significantly slowed at this temperature. In particular, the diffusion of Mn 2+ and Ca 2+ is not permitted because, otherwise, it should cause a dark decay/change in the Mn 3+ EPR signal through re-reduction/dissociation processes and/ or spontaneous assembly of the next assembly intermediate upon binding a second Mn
RESULTS

Illumination at -20°C Produces a Maximal Yield of Mn
2+
. However, diffusion processes become more important when the temperature is raised to -10°C and above, as is evidenced by the instability of the Mn 3+ signal, which decays in the dark within a minute. Conversely, the equivalent illumination time at temperatures lower than -20°C produces a smaller Mn 3+ signal (i.e., 50% and 20-30% at -30 and -40°C, respectively). This loss is due to the limitation of Q A f Q B electron transport on the acceptor side of PSII (44) and/or by proton ionization on the donor side. Accordingly, we used the optimal temperature -20°C to produce the maximal yield of the We were unable to quantify the amount of Mn 2+ taken up from solution by apo-WOC-PSII during illumination at -20°C , using another well-established method that involves washing the sample with Mn-free buffer to remove free (e.g., nonspecific) Mn 2+ , followed by quantification of the extracted Mn 2+ . This method is inapplicable, owing to the following reasons. For our EPR samples, the photoactivation medium contains 6-8 Mn/PSII, necessary to achieve adequate occupancy of the high-affinity Mn 2+ site (dissociation constant of 40-50 µM per PSII showed that 1 Mn is taken up in the initial lag phase, corresponding to step 1 (Scheme 2) and 3 Mn are subsequently taken up cooperatively to produce an O 2 -evolving center (18, 25, 35) . In contrast to the nearly equal yields of the photobleaching decay of the Mn 2+ signal seen in Figure 2A , the saturation level of the Mn 3+ signals is quite different in the presence and absence of Ca 2+ in Figure 2B . /PSII). The Mn 3+ line shape was found to be invariant ( Figure S2 in the Supporting Information), while only the signal intensity increased to a maximum ( Figure 3 ). This behavior suggests that the Mn 3+ signal corresponds to a unique Mn 3+ site in PSII and that the population of this site saturates when the Mn 2+ concentration increases. The concentration dependence was used to estimate the dissociation constant at this site. Because illumination was performed at -20°C, where diffusion processes are prevented (see above), the measured dissociation constant corresponds to the equilibrium before freezing and illumination, e.g., to the binding of Mn 2+ in the dark to the photo-oxidizable site in PSII. The concentration dependence fits best to a model assuming a single Mn 2+ -binding site, as shown by the solid-line fits in Figure 3 . The best fit gives a dissociation constant K D ) 40-50 µM, which is comparable in all three PSII samples studied, e.g., in the presence of 10 mM Ca 2+ , 10 mM Mg
, and with no added Ca 2+ /Mg 2+ . We conclude that neither Ca 2+ nor Mg 2+ at 10 mM concentrations produces a measurable affect on the Mn 2+ affinity to apo-WOC-PSII.
Importantly, there is no threshold observed in the concentration dependences in Figure 3 , and the Mn 3+ signal rises linearly, starting from substoichiometric concentrations of Mn 2+ /PSII. We may conclude that these titration data and the estimated K D ) 40-50 µM correspond to the Mn 2+ site, which possesses the highest affinity to Mn 2+ , e.g., the socalled "high-affinity Mn 2+ site" in PSII (48) . All other possible Mn 2+ sites must have a much lower affinity (with K D > 100 µM) to comply with the observed titration data as can be estimated from the numerical fits.
A Single Photochemical TurnoVer Forms Mn
3+
. 3-(3,4-Dichlorophenyl)-1,1-dimethylurea (DCMU) is a well-known inhibitor of the acceptor Q B site in PSII and was used to restrict the number of light-induced electron turnovers to a single electron. The Mn 3+ signal generated in the presence of 1 mM DCMU has an identical line shape (inset of Figure  3A ) but lower yield (30%) compared to no DCMU samples (parts A and B of Figure 3 ). Electron recombination from Q A -to Mn 3+ is efficient at -20°C (43, 49, 50) and is the most probable cause of the lower yield of Mn 3+ in the presence of DCMU. In contrast, when no DCMU is present, the electron may advance to the acceptor Q B site with a higher probability (44) . As a consequence, the probability for the electron recombination process is much lower and the yield of Mn 3+ is higher. Thus, the invariance of the Mn Table 1 and plotted in Figure 5A as g eff versus A Z at each pH and in the presence and absence of Ca 2+ . For comparison, the Mn 3+ signal previously reported in PSII core particles from Synechocystis at pH 6.1 (40) is also included in Table 1 .
Changing the pH from 6.5 to 9.0 produces a monotonic decrease in both g eff and A Z ( Figure 5A ). The effect is considerably stronger in the absence of added Ca 2+ , with g eff decreasing by 0.08 units (1%) and A Z decreasing by 10 G (22%). The addition of 5-10 mM Ca 2+ largely suppresses the pH effect on these spectral characteristics and moves both g eff and A Z to a range of values observed at alkaline pH g 9 without added Ca 2+ . Identical changes were seen at 5 and 10 mM Ca 2+ , indicating the complete transformation of the Mn 3+ spectra (not shown). By contrast, the addition of 10 mM Mg 2+ produces very little effect on g eff and A Z , establishing a specific influence by Ca 2+ ( Figure 4B ). The Ca 2+ effect on the spectral properties of Mn 3+ occurs at the same Ca 2+ concentration that optimizes the O 2 evolution flash yield during photoactivation experiments (23, 28) and also the O 2 activity of the holoenzyme depleted of Ca 2+ (30, 31) .
Thus, the present data provide direct evidence that Ca 2+ binds to its effector site in the dark, before freezing to -20°C and subsequent photo-oxidation of Mn 2+ . Furthermore, the significant changes in the spectral parameters of the photogenerated Mn 3+ indicate that Ca 2+ binds in close proximity to the photo-oxidizable Mn 2+ site and affects the ligandfield symmetry of the site.
Figure 5B plots the calculated yield of the light-induced Mn 3+ centers in the pH range from 6.0 to 9.0. The yield was calculated as the integrated signal intensity under the six-line Mn 3+ signal, divided by the transition probability µ 2 of the signal at the indicated pH (Table 1) . µ 2 was determined using the experimental g eff of the Mn 3+ signal (the detailed procedure is outlined below and illustrated in parts A and B of Figure 6 ). Thus, the calculated yield is proportional to the number of EPR-detectable Mn 3+ centers and is independent of the transition probability. The yield is 0% at pH 6.0 and below and grows with increasing pH in a nonmonotonic titration curve, reaching 20-25% at pH 6.5-7.5 and a maximum level (taken as 100%) at pH 9.0. The dependence is not monotonic and extends over a broad pH range, indicating that more than one pK a equilibrium step is involved. The addition of 10 mM Ca 2+ (but not Mg 2+ ) appreciably transforms the pH titration curve in Figure 5B , again confirming a specific association of the Ca 2+ -binding site with the high-affinity Mn 3+ site.
The Mn 2+ signal intensity was also measured before and after illumination at -20°C. The Mn 2+ signal decreases upon illumination by 30-40% at pH 6.0-6.5 and by 45-65% at pH 7.5 ( Figure S1 in the Supporting Information). Although quantitative estimation of Mn 2+ photoconversion is difficult, the observed pH dependence of the photo-oxidizable Mn 2+ reveals that a significant and comparable fraction (30-65%) of Mn 2+ is photo-oxidized in the pH range of 6.0-7.5. The presence of 10 mM Ca 2+ produces a weak effect on the amplitude of the Mn 2+ photobleaching, and thus, the number of photo-oxidizable Mn 2+ is comparable in the absence and presence of Ca 2+ . At pH 9.0 and higher, no Mn 2+ signal was detectable in the EPR spectra before or after illumination, and thus, an estimation of the Mn 2+ photo-oxidation yield was impossible at this pH.
The modest change of Mn 2+ photobleaching in the pH range 6 to 7.5 stands in marked contrast to the large change in the yield (0-100%) of the EPR-detectable Mn 3+ produced at these pH values ( Figure 5B ). At pH 6.0, although a substantial amount of Mn 2+ is oxidized (30-40%), there is no EPR-visible Mn 3+ produced. As pH increases, the number of photo-oxidized Mn 2+ changes only slightly (to a maximum of 65%) but the number of EPR-visible Mn 3+ increases sharply from 0% at pH 6.0 to 25% at pH 6.5 and then to 100% at pH 9.0. This uncorrelated behavior can only be understood if the Mn 3+ formed by photo-oxidation exists in a pH-dependent equilibrium of at least two forms, one lowpH EPR-inVisible form and one high-pH EPR-actiVe form . Only the low-pH EPR-invisible Mn 3+ is photogenerated at pH 6.0 and below, and thus, no EPR signal of Mn 3+ is observed. At higher pH, the equilibrium gradually shifts to the high-pH EPR-active Mn 3+ form(s), and thus, the progressively stronger Mn 3+ EPR signal is found at a comparable level of Mn 2+ photo-oxidation. The nature of this equilibrium and reason for the inability to detect the low-pH form is discussed later. 
Estimation of the Mn
3+ Photo-oxidation Yield by EPR Spectral Simulations. The above observation of a pHdependent interconversion of EPR-visible and -invisible populations of Mn 3+ was further tested by spectral simulations using the program described by Golombek and Hendrich (51) . EPR spectral simulations were performed using the parameters from Table 1 (e.g., g Z , A Z , D, and E) as obtained from the experimental data as described in the previous section. The simulations are deposited in the Supporting Information ( Figure S3 ). To properly fit the experimental signal intensities, the number of Mn 3+ centers contributing to the signal at pH 9.0 had to be increased by 3-fold relative to the number of Mn 3+ centers at 6.5. The line shape on the low-field side of the simulated spectrum at pH 9.0 is slightly sharper than the experimental spectrum, indicating additional broadening mechanisms not included in the simulation; however, this feature does not contribute to the prediction of the spin concentration. In summary, the spectral simulations corroborate the ligand-field analysis in the previous section, demonstrating that the observed large change in the Mn 3+ signal intensity between pH 6.5 and 9.0 corresponds to a change in the number of EPR-active Mn 3+ species, and it is not attributable to the small change in E/D.
Spin-Hamiltonian Analysis of the Mn 3+ EPR Spectra. The Mn 3+ EPR signal at g eff ∼ 8 is typical of Mn 3+ ions in approximately axially symmetric ligand fields and corresponds to the transition between the M S ) (2 levels of a spin S ) 2 ground state (40, (52) (53) (54) (55) . The signal at g eff ∼ 8 corresponds to a turning point of an overall broad EPR powder line shape from Mn 3+ complexes whose principal zero-field splitting (ZFS) axis is oriented nearly parallel to the external magnetic field (B 0 ). Other orientations are mostly unobservable at this (X-band) microwave frequency. Equation A1 (Appendix) describes the center position of the signal (g eff ) for the general case of a ligand field with orthorhombic symmetry; g eff is determined by one of the principal values of the intrinsic (Zeeman) g factor (e.g., g Z that lies along the principal axis Z of the ZFS tensor) and is shifted to higher g values by the presence of a finite orthorhombic ZFS term (3E 2 /D). The experimentally resolved 55 Mn hyperfine splitting (A Z ) corresponds to the component of the hyperfine tensor along the Z axis of the ZFS tensor, and it can be described by eq A4 (Appendix) derived from the ligand-field theory. The intensity of the Mn 3+ signal involves three terms: the transition probability µ 2 , the number of Mn 3+ spins, and the experimental parameters involving sample volume, spectrometer conditions, and temperature. In parallel-mode EPR, with the microwave magnetic field B 1 parallel to B 0 , the transition probability µ 2 is proportional to E 4 /D 2 (eq A2 in the Appendix) and, therefore, for this transition to be observable, requires a nonzero rhombic component of the ZFS. While it is difficult to assess absolute values for µ 2 from the experimental spectral intensities, it is possible to compare relative µ 2 for two samples provided that other experimental conditions are identical. Thus, the two spectral parameters, g eff and A Z , and the relative µ 2 intensities can be obtained directly from the experimental Mn 3+ spectra and then can be used to determine or constrain the spinHamiltonian parameters (D, E, g Z , and A Z ) and to describe the ligand environment and electronic configuration of the ground state of the Mn 3+ , using the theoretical expressions derived from the ligand-field theory (eqs A3 and A4 in the Appendix).
Ligand (57) . This δ defines the rhombicity of the ligand field directly in terms of the d orbital mixing, and therefore, it can be used equivalently instead of the rhombic ZFS term E commonly used in the spin-Hamiltonian treatment of the effective "spin-only" ground state.
According to eqs A1 and A3 and at typical ligand-field parameters (summarized in the Appendix), the rhombicity range of 6°< δ < 84°results in g eff > 9, which is too large compared to the experimental g eff ) 8.1-8.2 reported here ( Figure 5A ). Thus, only δ < 6 or δ > 84 needs to be Figure 6 present g eff and µ 2 calculated using eqs A1-A3 for the range of the rhombicity parameter δ ) 0-8°. In these calculations, we allowed the ligand-field energy splitting ∆ to the excited 5 T 2g states (Scheme 1) to change 2-fold, while fixed values for the intrinsic atomic parameters (spin-spin coupling F ) 0.8 cm -1 , and spin-orbit coupling λ ) 88 cm -1 ) were used. Indeed, only a small variation of these atomic parameters occurs upon the formation of a complex. For example, the spin-orbit coupling parameter λ may be reduced by covalency by at most 10-20% from its atomic value by the addition of six oxygen or nitrogen ligands (58) . By contrast, the ligand-field energy splitting ∆ varies over a significant range of 15 000-30 000 cm -1 for five-and six-coordinate Mn 3+ complexes and tends to the lower value in complexes with all oxygen ligands (59) . Therefore, three different ∆ values were considered in the simulation given in Figure 6 to cover a maximum range. All three curves with different ∆ run closely parallel and demonstrate the degree of uncertainty in the fits. The dependence of g eff on δ is monotonic and thus allows one-to-one mapping of the experimental g eff into the rhombicity parameter δ. The horizontal and vertical dotted lines in Figure 6A illustrate how g eff ) 8.151 (of the Mn 3+ at pH 7.5) projects into a narrow range of δ ) 4.3 ( 0.1°(the indicated error arises from uncertainty in the range of ∆). The derived rhombicity δ together with the maximum range of ∆ can then be used to determine the spin-Hamiltonian parameters (D, E, and g Z ) and the transition probability µ 2 of the Mn 3+ signal. This is shown by the dotted lines in Figure 6B to demonstrate how the transition probability µ 2 ) 0.27 ( 0.05 results from δ ) 4.3. The derived spin-Hamiltonian parameters of these and other Mn 3+ signals are summarized in Table 1 .
Analysis of the 55 Mn Hyperfine Interaction. The calculated change in A Z (eq A4) over the expected range of the rhombicity parameter 0 < δ < 6 (at fixed ∆) is only 1%, and therefore, changes in δ alone cannot explain the 22% decrease in the hyperfine splitting upon increasing the pH from 6.5 to 9 (A Z ) 45-35.5 G). For ∆ values from 30 000 to 15 000 cm -1 , which covers virtually all known five-and six-coordinate complexes, the maximum change in A Z is calculated to be only 2.5 G. Therefore, a change in ∆ can also be excluded as a significant source of the observed variation in A Z .
The leading terms in the expression for A Z (eq A4) are -PR 2 κ and PR 2 /7. These terms account for the isotropic and anisotropic contributions to the 55 Mn hyperfine tensor, respectively. To evaluate each term individually requires knowledge of the complete 55 Mn hyperfine tensor. However, only one of the principal components of the hyperfine tensor (viz., A Z ) is resolved in the Mn 3+ EPR spectra, and therefore, we have no direct means to discriminate between isotropic and anisotropic contributions to A Z and to determine which term of the two is responsible for the A Z variation observed in our experimental data. Hence, in the following analysis, we resort to a comparison with other experimental data of related model complexes and also to the ligand-field theory for insight into the origin of the A Z change.
The factor PR 2 scales both the isotropic and anisotropic hyperfine terms in the expression for A Z . Here, P ) 2 e N g e g N 〈r -3 〉, with r being the electron-nucleus distance, accounts for changes in the spatial extent of the unpaired electron spin density in Mn orbitals as a consequence of electron repulsions from the ligands, and R 2 e 1 is the metal-ligand covalency factor. Another unknown is κ, a dimensionless parameter accounting for nonzero spin density at the 55 Mn nucleus, arising from an admixture of excited electronic configurations having unpaired s electron densities. The theoretical prediction of κ is a rather difficult task; however, quite interestingly, κ is observed experimentally to be nearly constant for a given oxidation state of the ion and at different ligand configurations (57, 60) . The experimental value κ ) 0.52 was determined for Mn 3+ in TiO 2 (56) . We accept this value for the purpose of our analysis and assume κ ) 0.5 being a constant and thus focus on changes to PR 2 as the most significant source of the change in A Z . The derived PR 2 and other ligand-field parameters for the Mn 3+ at different pH and Ca 2+ concentrations are summarized in Table 1 . Two of the derived ligand-field parameters (viz. δ and PR 2 ) are found to be most responsive to changes in pH and Ca 2+ addition, and these are plotted in parts A and B of Figure 7 , respectively.
DISCUSSION
Binding Affinity of Mn 2+ for the High-Affinity Site in PSII.
The photoconversion yield of the Mn 3+ signal is a maximum at -20°C with no evidence for decay or spectral changes in time for more than 15 min at this temperature. The Mn 3+ exhibits uniform spectral properties, reflecting a single binding site with a homogeneous environment. The titration curves for Mn 3+ (Figure 3 ) fit well to a single-site-binding model for the Mn 2+ precursor characterized by a dissociation constant K D ) 40-50 µM at pH 7.5. The present method measures the reversible binding of the photo-oxidizable Mn 2+ in the dark (e.g., without interference from other lightdependent reactions at this site, such as Mn 2+ light-induced oxidation and subsequent dissociation as Mn 3+ ), and thus, it gives a true measure of the equilibrium dissociation constant for this Mn 2+ . Within the 10% error of the method, the same K D is found in the absence and presence of up to 10 mM divalent cations, indicating that neither Ca 2+ nor Mg 2+ compete efficiently with Mn 2+ for binding to the high-affinity Mn 2+ site, as was previously known (29, (61) (62) (63) . This Mn 2+ site possesses the highest affinity for apo-WOC-PSII, and therefore, we associate this photo-oxidizable site with the previously described "high-affinity Mn 2+ site" involved in electron donation (48, 62) and photoactivation (22, 64) .
There is widespread disagreement in the literature on the binding strength of the high-affinity Mn 2+ site. Our K D compares very well with two of the numerous reports in the literature, 40 µM (65) and 51 µM (22), but differs substantially from other measurements involving nonequilibrium electron-transfer rate measurements that require photooxidation of multiple Mn 2+ ions. For example, K ) 10 µM at pH 5-6 and 0.5 µM at pH 7-8 were found by monitoring Mn 2+ -dependent electron transport (66); K < 1 µM by monitoring Mn 2+ competition with a nonphysiological electron donor (DCIP) (62, 67) ; and K < 25 µM by reduction of Y Z ‚ by Mn 2+ using multiple laser flashes (38) .
pH Equilibria of Mn 3+ Species. The substantial change in the ligand environment of the high-affinity Mn 3+ ion with pH and Ca 2+ addition may involve three contributions: (1) deprotonation of a ligand (protein amino acid or coordinated water), (2) deprotonation of remote protein amino acid groups leading to a global protein conformational change that may alter the immediate ligand structure, and (3) binding of a new ligand (protein or solvent derived). In principle, any one or a combination of these mechanisms may be responsible for the observed pH effects on the Mn 3+ in PSII. The present data alone do not allow an unambiguous discrimination between these mechanisms. However, a quantitative determination of the strength and symmetry of the perturbation to the ligand field of Mn 3+ that is responsible for the observed effects can be obtained, as described next.
The observation of a nearly pH-independent loss of Mn 2+ signal intensity upon illumination at -20°C and a highly pH-dependent yield of EPR-detectable Mn 3+ leads us to conclude that Mn 3+ is generated in equilibrium between two forms: a low-pH EPR-invisible Mn 3+ and a high-pH EPRactive Mn 3+ . The reason that the low-pH Mn 3+ is EPRundetectable can be due to either too large heterogeneity of the Mn 3+ ligand field or too small or too large ligand-field rhombicity. Heterogeneity implies significant broadening in the EPR line shape, which makes the signal undetectable. Too small rhombicity (δ < 2) gives a transition probability that is very weak (µ 2 ) 0.01), and thus, the signal is masked by the stronger signal because of the high-pH EPR-active Mn 3+ that is more rhombically distorted (δ ∼ 4.3, and µ 2 ) 0.27). On the other hand, too large rhombicity (δ > 8) results in ZFS between the M S ) (2 level that is greater than the EPR quantum (3E 2 /D > hν 0 ), and therefore, such a species would be undetectable at the X-band EPR frequency, ν 0 ∼ 9 GHz. In either case, it may be concluded that the equilibrium (low-pH Mn 3+ T high-pH Mn 3+ ) is associated with a significant change in the symmetry of the ligand field at the Mn 3+ site, such as seen upon direct modification of the inner ligand shell (57, 68) .
Our proposed model for the equilibrium between the lowand high-pH Mn 3+ forms is shown in Scheme 2 (see "first light intermediate IM 1 2+ ] are EPR-silent. The subscript δ indicates the rhombicity of the ligand field of Mn 3+ as determined from the EPR measurements: δ < 2 for the EPRsilent Mn 3+ species, and δ ∼ 4.3 for the EPR-detectable Mn 3+ species. A range of δ is shown for the Mn 3+ species, which show pH-induced changes in the rhombicity of the ligand field. At the bottom, the correspondence is shown to the kinetic intermediates (IMn) of the minimal kinetic model (18, 19) .
high-affinity site in PSII and {×} symbolizes an unoccupied Ca 2+ effector site. Although the molecular identity of the ionizable ligand has not been uniquely identified in our work, it is most likely a water ligand. The ionization state of the other ligands, both protein derived and other water molecules, is not specified as they are unknown. The equilibrium involved in the deprotonation of the water ligand bound to the Mn 3+ is also shown for the case with Ca 2+ bound to its effector site, e.g., [Mn
], where (on the basis of several lines of evidence described below and also in section Strong Coupling between Mn
3+
and Ca 2+ ) we postulate that Ca 2+ at its effector site shares the bridging (hydroxo) ligand with Mn 3+ and causes deprotonation of this ligand. The ionization state of the water ligand is postulated to be controlled by a nearby base B -(identity unknown), which serves as an immediate proton acceptor with a pK a that depends upon the occupancy of the Ca 2+ effector site (pK 1 or pK 1 ′) (19 (19) . Because global pH equilibrium cannot be achieved at -20°C
, the proton diffusion can only occur to this nearby amino acid base and only when this base is deprotonated before freezing (i.e., B -). Thus, the resulting distribution between the EPR-invisible and the EPR-detectable Mn 3+ species is determined by the pK a of this amino acid residue (pK 1 or pK 1 ′).
Coordination Number and Geometry of the EPR-Detectable Mn 3+ Species. The lack of an EPR signal from the lowpH [Mn 3+ (OH 2 )]{×} photoproduct allows for an unobstructed measurement of the spectroscopic characteristics of the high-pH form [Mn 3+ (OH -)]{×} over the pH range of 6.5-9.0 (Figures 4 and 5A and Table 1 ). Under all examined conditions of pH and Ca 2+ /Mg 2+ concentrations, the ground state of the EPR-visible Mn 3+ remains the high-spin S ) 2 electronic configuration with spatial symmetry 5 B 1 (e.g., with the "hole" residing in the d x 2 -y 2 orbital) and with only ca. 0.5% admixture of the 5 A 1 state. The 5 B 1 electronic state is the usual ground state for ligand geometries, including fivecoordinate square pyramidal complexes, six-coordinate tetragonally elongated complexes, and their rhombically distorted variants. This ground-state excludes any geometry that places the d z 2 orbital as the lowest unoccupied orbital among the 3d set, thus eliminating six-coordinate tetragonally compressed structures, most five-coordinate trigonal bipyramid structures, and trigonal structures of lower coordination number. The 5 B 1 electronic ground state was also previously assigned to the photoinduced Mn 3+ formed in the highaffinity site of Synechocystis sp. pcc 6803 PSII core complexes (40) . When compared at similar pH (6.5), the Mn 3+ signals in spinach and Synechocystis PSII particles show very similar spectral characteristics ( 55 Mn hyperfine coupling in the high-pH form decreases significantly by 22% in the pH range of 6.5-9.0 (A Z ) 45-35.5 G), indicating a major change to the coordination shell of [Mn 3+ (OH -)]{×}. As discussed above, this significant decrease in the magnitude of A Z cannot be explained by a very modest change in δ (4.1-4.4°) nor by changes in the ligand-field energy splitting ∆, over this pH range (refer to eq A4). This leaves only contributions to A Z arising from changes in a product PR 2 , which has the pH dependence as shown in Figure 7B (κ does not vary appreciably as discussed above).
The observed 22% decrease in A Z over the pH range of 6.5-9.0 is in fact opposite in sign to that expected if one of the ligands to Mn 3+ is deprotonated at high pH. Although to our knowledge there are no data in the literature describing the effects of coordination changes to A Z ( 55 Mn) for Mn 3+ complexes, the effect of ligand deprotonation on the hyperfine coupling is well-established for analogous Cu 2+ complexes. 2 It was shown that deprotonation of one water ligand in the aqua complex increases the 63 Cu hyperfine coupling by 13% from A Z ) 143 to 161 G (69, 70) , while deprotonation of an imidazole ligand increases the isotropic hyperfine coupling by 6% from a iso ) 72.7 to 77.2 G (71). In both of these examples, the observed increase in hyperfine coupling can be understood because of either an increase in electron repulsion from the anionically charged ligand (this results in contraction of the d orbitals and thus an increase of P) or decreased covalency of the ligands (increase of R 2 ).
To account for the 22% decrease in PR 2 for [Mn 3+ (OH . This change may involve a gradual displacement of one of the direct ligands to Mn 3+ , which results in a longer (on average) Mn-ligand bond and a weaker electron repulsion within the occupied d orbitals of Mn 3+ . It is expected then that the size of the d orbitals must increase and thus P must decrease. Alternatively, a pH-induced conformation change may involve the rotation of a π-donor ligand to Mn 3+ , causing the Mn-ligand covalency to increase and thereby R 2 to decrease. 2 
Cu
2+ is a good electronic model for Mn
3+
. It has a d 9 electron configuration with the hole residing in dx 2 -y 2 orbital. It typically occurs in an octahedral ligand environment having a 2 B1g ground state (the same as Mn 3+ ). The ligand-field expressions for the electron g tensor and Cu hyperfine tensor are also quite similar to the expressions for Mn 3+ (56) .
We note also that the observed changes of g eff and A Z ( Figure 4A ) over the pH range of 6.5-9.0 are not discrete but rather vary continuously for the EPR-detectable [Mn 3+ (OH -)]{×} species, so that the EPR spectrum at pH 7.5 cannot be simulated as a weighted sum of the spectra at pH 6.5 and 9.0 (not shown binding induces a proton ionization from a water ligand in the coordination shell of Mn 3+ and also organizes the coordination shell to make it more uniform and less susceptible to global protein conformational changes induced by pH.
Further evidence for this strong interaction comes from the pH titration curve for the intensity of the EPR-detectable Mn 3+ , which simplifies to a two-state equilibrium that saturates above pH 7.5 ( Figure 5B ). The simplest interpretation of these spectral and population changes is that Ca 2+ directly modifies the inner coordination shell of Mn 3+ through binding to an ionizable ligand. As depicted in Scheme 2, Ca 2+ is proposed to induce the ionization of a second water ligand bound to Mn 3+ ], with Ca 2+ bound to its effector site in the dark before the photochemical turnover. Ionization of the water ligand is coupled to the availability of a local base, B -, with pK a ∼ 6.7, as can be estimated from the titration curve in Figure 5B .
The Role for Ca 2+ in Photoassembly of the WOC. The proposed intermediates for the initial steps in photoassembly of the WOC inorganic cluster in PSII are summarized in Scheme 2. The intermediates are organized into three categories to enable the ease of comparison with the minimal kinetic model, which is deduced from the previous kinetic work (eq 2 and reproduced at the bottom of Scheme 2). The dark precursor of the photoactivation reaction is represented by two states: inactive IM 0 precursors and active IM 0 * precursors, respectively. Only active precursors have Mn 2+ bound at the high-affinity site and thus are ready for photochemical turnover to produce the first light-induced ], which is kinetically more stable against decay by charge recombination with Q A -. Both of these factors contribute to improving the quantum efficiency of the formation of the first lightinduced intermediate IM 1 .
The model proposed in Scheme 2 is consistent with the previous photoactivation kinetic model, which revealed evidence for positive cooperativity between Mn 2+ and Ca 2+ (18) . Maintenance of an optimal concentration ratio of Mn 2+ and Ca 2+ in the photoactivation medium was shown to be essential to avoid excessive photoinhibition during photoactivation and thus to achieve a high yield of reconstituted WOC-PSII (22, 28) . Furthermore, at this optimal Mn 2+ / Ca 2+ ratio, the yield of reconstituted WOC-PSII was observed to increase in parallel with the rate of the first photo-oxidation step as the concentration of Mn 2+ is increased (25) . It was inferred that the majority of photoinhibition damage occurs during the initial k 1 step and that enhancement in the quantum efficiency during this step helps to reduce the photoinhibition damage. Accordingly, in at the IM 1 level, followed by a slow dark protein conformational change (25) , is an essential step in templating the system for the subsequent cooperative photo-oxidation of the remaining 3 Mn 2+ ions in rapid succession in a single kinetically unresolved step to form a catalytically active WOC-PSII (18 ], in the photoactivation reaction can be compared to the recent structural models of the intact PSII-WOC cluster derived from single-crystal Mn EXAFS or XRD studies that are depicted in Chart 1 (9, 13) . D1-Asp-170 is known to ligate to the high-affinity Mn 2+ ion that is the first Mn ion that contributes to the assembly of the Mn 4 Ca cluster (40, 73, 74) . The XRD data reveal that this Mn site corresponds to the Mn ion that lies external to the Mn 3 Ca subcluster (13), e.g., the left most positioned Mn in each structure shown in Chart 1. From the four structures shown, only two models, 1 and 4, place Ca 2+ in a bridging position to Mn at the high-affinity site. (57) . Here, D and E are the axial and rhombic ZFSs for the S ) 2 ground state; g Z is the true (Zeeman) electronic g factor along the direction of the principal ZFS axis; ν 0 is the microwave frequency; and h is Planck's constant. In addition, the Mn 3+ signal is split into six lines because of the 55 Mn hyperfine interaction (the splitting corresponds to the hyperfine component along the z direction, A Z ). Importantly, the transition probability of the Mn 3+ signal depends strongly upon the ligand-field rhombicity where the temperature factor is also included. Thus, the signal intensity varies as E 4 /D 2 , and nonzero rhombicity is absolutely required to observe the signal. However, at very large E (such that 3E 2 /D > hν 0 ), the ZFS between electronic levels M S ) (2 becomes larger than the microwave quantum and the transition cannot be detected using EPR at ν 0 frequency. In summary, two spectral parameters (g eff and A Z ) and the integrated EPR intensity (I ∼ Nµ 2 , with N being the number of spins in the sample) can be measured from the experiment. These experimental parameters can be related to the ligandfield terms to arrive at a description of the number of ligands and the symmetry of the ligand field that they impose around the Mn 3+ and the relative ligand-field strength.
Interpretation (75) and where (g X , g Y , and g Z ) are the three components of the intrinsic g tensor; g e is the free electron g factor (2.0023); F is the spin-spin coupling constant (0.8 cm -1 for Mn 3+ ) (76) ; λ is the spin-orbit coupling constant (+88 cm -1 for free Mn 3+ ) (57); ∆ is the energy gap to the excited ligand-field state 5 T 2g (typically 18-25 000 cm 55 Mn hyperfine tensor of Mn 3+ applicable to the particular case of orthorhombic symmetry. These expressions take into account the effects of the rhombic ligand field, spin-orbit coupling, spin polarization, and metal-ligand covalency where P ) 2 e N g e g N 〈r -3 〉 is the fundamental electron nucleus interaction scaled by the inverse cube of r, the mean electron-nucleus distance; κ is a dimensionless parameter accounting for the isotropic hyperfine interaction arising from admixtures with excited electronic configurations having unpaired s electron densities, both core ns orbitals (positive sign) and the valence 4s orbital (negative sign); R 2 is the fractional unpaired spin population involving the Mn orbitals and accounts for the metal-ligand covalency (58);
) -1 / 42 is a numerical constant depending upon the electronic configuration of the ion (77) . These expressions generalize the specific case reported previously, which considered only axially symmetric ligand fields and resulted in a pure ground 5 
SUPPORTING INFORMATION AVAILABLE
Light-induced loss of the Mn 2+ EPR signal in the pH range of 6-7.5 ( Figure S1 ), Mn 3+ EPR signals in the presence of varied concentrations of Mn 2+ ( Figure S2 ), and simulated Mn 3+ EPR spectra at pH 6.5 and 9 ( Figure S3 ). This material is available free of charge via the Internet at http:// pubs.acs.org.
